Modelling of molecular emission spectra from interstellar clouds requires the calculation of rate coefficients for excitation by collisions with the most abundant species. Among the interstellar molecules, the CN radical is of particular interest since it is a good probe of dense region and can be used as a tracer of magnetic fields. We calculate fine-and hyperfine-structureresolved excitation rate coefficients of CN(X 2 + ) by H 2 (j = 0), the most abundant collisional partner in the interstellar medium. The calculations are based on a new potential energy surface obtained from highly correlated ab initio calculations. State-to-state rate coefficients between the first fine and hyperfine levels of CN were calculated for low temperatures ranging from 5 to 100 K. The new results are compared to the CN-He rate coefficients. Significant differences are found between the two sets of rate coefficients. This comparison shows that the CN-H 2 rate coefficients have to be used for observation interpretations and we expect that their use will significantly help the astronomers in the interpretation of the CN emission lines observed with current and future telescopes.
I N T RO D U C T I O N
The cyano radical (CN) molecule is one of the most widely distributed in the interstellar medium (ISM). CN was the second interstellar molecule to be identified, going back to the 1940s (McKellar 1940; Adams 1941) . Since then, CN has been extensively observed (Fuente, Martin-Pintado & Gaume 1995; Falgarone et al. 2008; Hily-Blant et al. 2008; Milam, Woolf & Ziurys 2009; Hakobian & Crutcher 2011) . In diffuse molecular gas, CN plays a role as a tracer of high-density gas. The CN thermal lines also probe dense regions in molecular clouds and CN Zeeman observations are a unique tool for measuring magnetic field strengths in star formation regions (Falgarone et al. 2008) . In addition, the triple bond between C and N leaves one electron available in the CN radical that makes CN a very reactive molecule. Reactions between CN and unsaturated hydrocarbons like acetylene and ethylene have been shown to be efficient even at very cold temperatures (Balucani et al. 2000) . Organic molecules with the CN group are known as nitriles. They are potential source of prebiotic amino acids.
The existence of accurate collisional rate coefficients for CN is thus crucial to the interpretation of CN molecular line observations and hence having a good knowledge of the CN abundance and chemistry in the ISM. Without these rates, only approximate estimates of the molecular abundance are possible assuming local thermodynamic equilibrium, which at the typical densities of dense E-mail: francois.lique@univ-lehavre.fr interstellar clouds is generally not a good approximation for such a molecule (Lique et al. 2009 ).
The determination of rate coefficients for collisions between CN molecule and the most abundant interstellar species has been one of the important goals of molecular astrophysics in past decades. Indeed, CN rate coefficients have been tentatively estimated from a scaling of the CO or CS rate coefficients (Truong-Bach et al. 1987; Fuente et al. 1995) but the scaling from CO or CS fails because CN is an open shell molecule and has a 2 + ground state. The first realistic CN rate coefficients have only been provided during the last two years. Accurate CN-He rate coefficients taking into account the fine and hyperfine structure of CN have been provided by Lique et al. (2010) and . Rate coefficients between the first 41 fine-structure levels of CN in collisions with He have been calculated by Lique et al. (2010) for temperature ranging from 5 to 350 K. These calculations were extended to the CN hyperfine structure by . These first rate coefficients for the CN molecule enable a more realistic determination of CN distribution in molecular clouds. However, the collisional partner was the He atom and recent results on rotational excitation of CO (Wernli et al. 2006) , SiS or HF (Guillon & Stoecklin 2012) have pointed out that rate coefficients for collisions with H 2 (j = 0), the most abundant collisional partner in the ISM, are generally different from those for collisions with He.
Taking into account the importance of having accurate rate coefficients for the CN-H 2 collisional system, we have decided to extend the calculations of Lique et al. (2010) and , both of the potential energy surface (PES) and of the inelastic cross-sections, to the CN-H 2 system. The collision between a CN radical and H 2 has been the subject of many studies (Ter Horst, Schatz & Harding 1996; Coletti & Billing 2000; Zhang & Lee 2000) . However, all these works were only focused on reactive collisions and in the formation of HCN molecule. Most of these calculations were based on the TSH3 PES (Ter Horst et al. 1996) . This PES, as well as another PES obtained more recently by Kaledin, Heaven & Bowman (1999) , was calculated using configuration interaction methods. In this work, we are only interested in the rotational excitation of CN by H 2 ; therefore, we have decided to determine a new ab initio PES using the 'coupled clusters' approach that has been shown to be more accurate than configuration interaction methods for the van der Waals system well described by a single electronic configuration.
The determination of rate coefficients for collisions of open shell molecules with diatomic molecules remains a challenge for molecular physics. Hence, we have decided, as a first step, to restrict to calculations with only para-H 2 (j = 0). Indeed, the calculations with H 2 (j = 0) can be performed using a PES averaged over H 2 rotations. The scattering problem is hence reduced to the study of the collision between a molecule and a structureless target ). These calculations have been shown to be accurate Dumouchel, Kłos & Lique 2011 ) for low-temperature excitation rate coefficients.
The paper is organized as follows. Section 2 describes the ab initio calculation of the PES. Section 3 then provides a brief description of the theory and the calculations. In Section 4, we present and discuss our results. Conclusions of this work are drawn in Section 5.
P OT E N T I A L E N E R G Y S U R FAC E
In the present work, we focus on low/moderate-temperature collisions. The CN-H 2 collisional system is a reactive system. The collision of a CN radical with an H 2 molecule can lead to the formation of the two HCN/HNC isomers (Agúndez et al. 2010 ). However, it has been shown that the reaction was not efficient at typical temperature of the cold ISM (Ter Horst et al. 1996) , since the reaction has to proceed through a large barrier. The activation energy of the reaction is at least 1100 cm −1 (Ter Horst et al. 1996) . Then, as it has been shown recently by Lique & Faure (2012) in the case of collisions between H and D 2 , the study of the rotational excitation of CN by H 2 can certainly be performed neglecting the reactive pathways. Hence, for the calculation of a CN-H 2 PES for only the rotational excitation, the collision partners may thus be considered as rigid.
The calculation of the CN-H 2 PES will be presented elsewhere. We just present here a brief description of the ab initio calculations. The body-fixed Jacobi coordinate system used in calculations is presented in Fig. 1 . The geometry of the CN-H 2 complex is characterized by three angles θ, θ and ϕ, and the distance R between the centres of masses of H 2 and CN. The polar angles of the CN and H 2 molecules with respect to z-axis that is defined to coincide with R are denoted, respectively, θ and θ , while ϕ denotes the dihedral angle, which is the relative polar angle between half-planes containing the CN and H 2 bonds, respectively.
We used an H 2 bond distance r H-H = 1.4487a 0 , corresponding to the molecular distance at its average value in the ground vibrational level of H 2 , and a CN bond distance r C-N = 2.2144a 0 (Huber & Herzberg 1979) , corresponding to the equilibrium distance. The CN-H 2 PES was calculated at the partially spin-restricted coupled cluster with single, double and perturbative triple excitations [RCCSD(T)] level (Knowles, Hampel & Werner 1993 . The four atoms were described by the aug-cc-pVTZ basis set of Woon & Dunning (1994) augmented by the (3s, 2p, 1d) bond functions, defined by Williams et al. (1995) , placed at mid-distance between the CN and H 2 centres of mass. The electronic structure calculations were performed using the MOLPRO 2010 package (Werner et al. 2010) . In all calculations, to determine the interaction potential V(R, θ, θ , ϕ), the basis set superposition error was corrected with the Boys & Bernardi (1970) counterpoise procedure:
where the energies of the CN and H 2 subsystems are computed with the full (four atoms plus bond functions) basis set. For a van der Waals system, where the ground state is well described by a single predominant configuration at all computed geometries, the RCCSD(T) level of theory and the use of aug-cc-pVTZ basis set augmented by bond functions are expected to yield reliable results .
The radial scattering coordinate R was assigned from 16.0a 0 to 4.0a 0 , the θ grid ranged from 0
• to 180
• in steps of 15
• , whereas θ and ϕ ranged from 0
• and 0
• to 90
• , respectively, in 22.
• 5 increment. In the global fitting procedure, we took into account the long-range ab initio points of the potential up to R = 12a 0 due to the appearance of geometries with non-convergence in the electronic structure calculations, thus appearance of small unphysical nonsmooth irregularities in the radial dependence of the potential.
For the solution of the close-coupling scattering equations, it is most convenient to expand, at each value of R, the interaction potential V(R, θ, θ , φ) in angular functions. For the scattering of two linear rigid rotors, we used the following expansion (Green 1975) :
The basis functions s l,l ;μ (θ, θ , φ) are products of associated Legendre functions P lm :
where . . .|. . . is a Clebsch-Gordan coefficient. The P lm functions are related to spherical harmonics through Y lm (θ, φ) = P lm (θ )e (imφ) . Here l, l are associated, respectively, with the rotational motion of CN and H 2 . In equation (2), the homonuclear symmetry of H 2 forces the index l to be even.
We find similar global and local minima as Kaledin et al. (1999) in their work on the H 2 -CN(X) PES. Positions of minima on our 4D PES are located slightly closer and generally 20 cm −1 deeper in comparison to Kaledin's PES. We will present full features and comparisons between these two 4D potentials in our future work on 4D scattering for this system.
In this work, we only consider the collisional excitation of CN by para-H 2 . For collisions at low temperature (T ≤ 100 K), the rotational excitation probability of H 2 is low Dumouchel et al. 2011 ), the energy spacing between the j = 0 and 2 levels in para-H 2 being 510 K. Hence, we restrict H 2 to its lowest rotational level and, in this case, only the leading term l = μ = 0 needs to be retained in the expansion of the interaction potential given in equation (3). The resulting expansion then can be simplified to
where V av (R, θ ) is obtained by an average over the angular motion {θ , φ} of the H 2 molecule. The 4D CN-H 2 (j 2 = 0) PES is thus reduced to a 2D PES. Finally, the fitting procedure described by Werner et al. (1989) for the CN-He system was adapted in order to obtain the V av (R, θ ) numerical expansion required to perform the scattering calculations. In Fig. 2 , we show the contour plot of the interaction energy. The global minimum of the V av PES occurs for R = 7.11a 0 and θ = 132.
• 7, and is of 58.96 cm −1 deep. It is interesting to compare this PES with the earlier CN-He PES of Lique et al. (2010) . Although the two PES are qualitatively similar, the minimum of the CN-para-H 2 (j = 0) PES is three times deeper than that of the CNHe PES. In Fig. 3 , we plot the first four radial Legendre expansion coefficients V l (R) (λ = 0-3) of the CN-H 2 (j = 0) and CN-He PES. We observe that, for the CN-H 2 (j = 0) and CN-He system, the largest (in magnitude) of the anisotropic terms (λ > 0) corresponds to λ = 2. This implies that, to a first approximation, the PES is symmetric with respect to θ → π − θ . One can also see that the CN-H 2 (j = 0) radial coefficients are larger in magnitude than those of the CN-He PES. The consequences for the collisional excitation cross-sections and rate coefficients will be discussed below.
S C AT T E R I N G C A L C U L AT I O N S
The main goal of this work is to use the 2D CN-H 2 PES to determine fine-and hyperfine-resolved integral cross-sections and rate coefficients of CN molecules by H 2 (j = 0). As the rotational structure of H 2 is neglected, the problem, in terms of scattering calculations, is equivalent to the collisional excitation of CN by a structureless atom.
For CN in its ground electronic 2 + state, the molecular energy levels can be described in the Hund's case (b) limit. Here, the fine structure levels are labelled N j , where N is the rotational angular momentum and j the total molecular angular momentum quantum number with j = N + S, where S is the electronic spin. For molecules in a 2 + state, S = 1/2. Hence, two kinds of levels exist, the levels with j = N + 1/2 and those with j = N − 1/2. The nitrogen atom also possesses a non-zero nuclear spin (I = 1). The coupling between I and j results in a splitting of each level into three hyperfine levels (except for the j = 1/2 level which is split into only two levels). Each hyperfine level is designated by a quantum number F (F = I + j ) varying between |I − j| and I + j.
We used Alexander's description (Alexander 1982) of the inelastic scattering between an atom and a diatomic molecule in a 2 + electronic state and a fully quantum close-coupling calculations in order to obtain the S J (jl; j l ) scattering matrix and integral cross-sections corresponding to an Nj → N j transition between fine structure levels of CN. J and l denote the total angular momentum ( J = j + l) and the orbital angular momentum quantum numbers, respectively. The integral cross-sections corresponding to transitions between hyperfine levels of the CN molecule can be obtained from scattering S-matrix between fine structure levels using the recoupling method of Alexander & Dagdigian (1985) . Inelastic cross-sections associated with a transition from an initial hyperfine level NjF to a hyperfine level N j F were thus obtained as follow:
The P K (j → j ) are the tensor opacities defined by
The reduced T-matrix elements (where T = 1 − S) are defined by Alexander & Davis (1983) :
All the scattering calculations were performed with the HIBRIDON package.
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Calculations for collision of CN with para-H 2 were carried out for a total energy grid ranging from 0.2 to 1000 cm −1 . The integration parameters were chosen to meet convergence criteria of 0.2 per cent for fine-structure-resolved cross-sections. The integration range was set from 4.5a 0 to 80a 0 . At the largest total energy (1000 cm −1 ), the CN rotational basis was extended to j = 17 to ensure convergence of the first 13 (up to j = 12) rotational levels of CN. The maximum value of the total angular momentum J used in the calculations was set to be large enough that the inelastic and 'quasi-elastic' crosssections were converged.
From the rotationally inelastic cross-sections σ Nj F →N j F (E c ), one can obtain the corresponding thermal rate coefficients at temperature T by an average over the collision energy (E c ) (Smith 1980) :
where k B is Boltzmann's constant and μ is the reduced mass of the CN-H 2 complex.
R E S U LT S
Using the computational scheme described above, we have obtained inelastic (fine and hyperfine) cross-sections up to the total energy of 1000 cm −1 for transitions between the first 25 fine levels and the corresponding 76 hyperfine levels of CN (N, N ≤ 12). Calculations up to the total energy of 1000 cm −1 allow us to determine the corresponding rate coefficients up to 100 K. The complete set of (de-)excitation rate coefficients with N, N ≤ 12 is available online at the LAMDA 2 website.
Fine structure excitation
The variation with temperature of these state-to-state rate coefficients out of the N, j = 5, 5.5 rotational level for j = N transitions and j = N transitions is illustrated in Figs 4 and 5. We observe a propensity for j = N transitions. The same propensity rule was previously obtained for CN-He ). This behaviour, predicted theoretically (Alexander, Smedley & Corey 1986) , is a general feature of collisions of molecules in 2S +1 electronic state, as shown previously for the O 2 -He collisions (Lique 2010) or SO-H 2 (Lique et al. 2007 ).
We note in Figs 4 and 5 a strong propensity for transitions with even N. Transitions with N = 4 are even larger than transitions with N = 1. This is a consequence of the near-homonuclear symmetry of the PES that strongly favours transitions with even N. This effect is well known experimentally and was first explained by McCurdy & Miller (1977) . Fig. 6 presents the temperature variation of the CN-H 2 (j = 0) rate coefficients for selected N = 2, j, F → N = 1, j , F transitions. Table 1 shows the hyperfine-resolved CN-H 2 (j = 0) rate coefficients for N = 3, j, F → N = 2, j , F transitions at 50 K.
Hyperfine structure excitation
The discussion about the hyperfine propensity rules implies to distinguish j = N and j = N transitions. For j = N transitions, we have a strong propensity rule in favour of j = F transitions; the propensity rule is also more pronounced when the N quantum number increases. This trend is the usual trend for open-shell molecules (Alexander & Dagdigian 1985; Corey & Alexander 1988 ) and was previously observed in the case of CN-He collisions ). For j = N transitions, no clear propensity rules can be extracted. Two rules seem to govern the transitions: the rate coefficients show propensity in favour of j = F transitions and the final distribution seems to be proportional to the degeneracy (2F + 1) of the final hyperfine level. For example, for N = 3, j = 3.5, F → N = 2, j = 1.5, F transitions at 50 K, one can see that when F = 2.5, all the final hyperfine levels from N = 2, j = 1.5 seem to be reasonably equally populated (competition between the two propensity rules), whereas, when F = 4.5, a propensity in favour of F = 2.5 is observed [ j = F transitions and the highest degeneracy (2F + 1) for this state]. Fig. 7 presents the temperature variation in CN-H 2 (j = 0) rate coefficients for the 'quasi-elastic' N = 2, j, F → N = 2, j , F transitions.
First, one can note that the orders of magnitude of these 'quasielastic' rate coefficients are about the same order of magnitude than the pure inelastic rate coefficients. For transitions inside a rotational level N, we have clear propensity rules in favour of j = 0 transitions and F = ±1 that are about five times larger than the other ones. One can also note that the temperature variation of the j = 0 rate coefficients is not the same as all the other transitions. Indeed, these hyperfine rate coefficients were derived from the fine elastic ones ( N = j = 0) that do not have the same variation with temperature than the inelastic ones.
Comparison with He rate coefficients
It is interesting to compare the present rate coefficients with those calculated for the CN-He collisions ) using the same methodology as in the present work. By comparing the two sets of rate coefficients, we really analyse the effect of the different perturber masses and PES. Collisions with He are often assumed to model collisions with para-H 2 (j = 0), and it is generally assumed that rate coefficients with para-H 2 (j = 0) should be larger than He rate coefficients owing to the smaller collisional reduced mass, the scaling factor being 1.4 (Schöier et al. 2005) . We have compared in Table 2 , on a small sample, the CN-H 2 (j = 0) and CN-He rate coefficients at 10 and 30 K. Table 1 . Hyperfine-resolved CN-H 2 (j = 0) rate coefficients (×10 −12 cm 3 molecule −1 s −1 ) for N = 3, j, F → N = 2, j , F transitions at 50 K. j = 1.5 j = 2.5 F = 0.5 F = 1.5 F = 2.5 F = 1.5 F = 2.5 F = 3.5 As one can see, the scaling factor is clearly different from 1.4 and the ratio between the two sets of rate coefficients varies with the temperature and with the transition considered. The agreement seems better at 30 K than at 10 K. The very low collisional energies cross-sections are very sensitive to the shape and well depth of the PES and it is not surprising to see significant differences between the two collisional systems at 10 K. Overall, the CN-H 2 /CN-He ratio varies between 1 and 3. The difference can be simply explained by checking the radial dependence of the potential expansion coefficients V λ (R) (see Fig. 3 ). The CN-H 2 (j = 0) radial coefficients are larger than those of CN-He PES, and this simply explains that the CN-H 2 (j = 0) rate coefficients are, overall, larger than those of CN-He ones. This comparison confirms that accurate rate coefficients with para-H 2 (j = 0) could not be obtained at very low temperature (T < 10 K) from rate coefficients with He but seems to indicate that, at higher temperature, rate coefficients with para-H 2 (j = 0) may be estimated from rate coefficients with He using a simple scaling factor corresponding to the reduced mass ratio.
C O N C L U S I O N
We have used quantum scattering calculations to investigate rotational energy transfer in collisions of CN(X 2 + ) with H 2 molecule in its ground rotational state. The calculations are based on a new, highly correlated 4D PES averaged over H 2 orientation. Fine-and hyperfine-state-resolved rate coefficients were determined for temperatures ranging from 5 to 100 K.
For fine-structure-resolved rate coefficients, one can see strong propensity rules in favour of j = N transitions. For hyperfinestructure-resolved rate coefficients, the collisions exhibit strong propensity rules in favour of j = F transitions for j = N transitions. There is no notable propensity for the other transitions. It is important to specify that the rate coefficients presented here are not independent of the initial hyperfine level and not proportional to the degeneracy (2F + 1) of the final hyperfine level. These important results show that the M J randomizing limit method of Alexander & Dagdigian (1985) cannot be used for such a system.
The comparison of the new CN-H 2 (j = 0) rate coefficients with those of CN-He shows that important differences exist, especially at low temperature. Hence, the CN-H 2 rate coefficients have to be used for observation interpretations and we expect that their use will help us significantly in the interpretation of the CN emission lines observed with current and future telescopes.
Finally, we plan to extend the present calculations to calculation with para-and ortho-H 2 in order to provide accurate CN rate coefficients for higher temperature.
